We demonstrate a silicon Raman laser and report observation of simultaneous lasing at 1675 nm and parametric Raman emission at 1540 nm. The laser is pumped with 1540 nm pulses and has a threshold at 9 W peak pulse power. Keywords: Waveguides, semiconductor lasers, silicon photonics, Raman Classification: Photonic devices, circuits and systems 
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Introduction
Silicon has many desirable physical and economical properties that make it an attractive platform for optical and optoelectronic integration [1, 2] . The quality of commercial silicon wafers continues to improve while the wafer cost continues to decrease. At the same time, nanoscale device fabrication has entered volume manufacturing keeping alive the trend towards lower cost and higher performance. Silicon photonics may be considered as an extension of Silicon CMOS technology and that can provide high bandwidth interconnection between chips and within chips, and a platform technology for low cost optical components. Despite success in making high quality passive devices [2] , silicon photonics has been hindered by the lack of active devices. Recently, good progress has been made in this direction. This includes light generation and amplification in Silicon Nanocrystals [3, 4] , Er 3+ doped Silicon waveguide structures [5] , and Er 3+ doped Silicon Nanocrystals [6, 7] . Optical modulation using MOS capacitance [8] and free carrier dispersion effects [9] and Photodetection using Silicon Germanium heterostructures [10] . Another approach towards realizing active functionalities in silicon is to make use of Raman scattering [11] . The Raman gain coefficient in silicon is nearly 10 4 times larger than that in glass fiber rendering this a plausible approach [11] . Silicon-on-insulator (SOI) platform is well suited for nonlinear optical devices because of the high index contrast between Silicon and silica (∆n∼2), which results in strong optical confinement that tends to enhance nonlinear interactions. Exploiting these phenomena, spontaneous Raman emission from silicon waveguides was demonstrated in 2002 [11]. This was followed by demonstration of stimulated amplification [12] and coherent anti-Stokes Raman scattering [13] , both in 2003. These observations followed earlier reports of Raman scattering in GaP waveguides [14] . Consequently, there has been increasing interest in Raman scattering in silicon with a number of reports this year describing net waveguide gain [15-17] and fiber-to-fiber gain [18, 19] .
Recently, we have demonstrated the first silicon Raman laser [20] . In this paper, we report the first observation of Coherent Anti-stokes Raman Scattering (CARS) in a silicon Raman laser cavity. The laser is pumped by 1540 nm pulses and produces pulsed radiation at the Stokes wavelength of 1675. We show that the lasing at 1675 nm is accompanied with coherent anti-Stokes emission at 1427 nm, with identical threshold characteristics. After reaching the threshold pump level, both outputs grow linearly with increasing pump power level. To the best of our knowledge, this is the first ever observation of Coherent Anti-Stokes Raman Scattering (CARS) in any Raman laser, independent of the material system used. Figure 1 as a pulsed pump laser. After broadening the laser pulse width to 30 ps in a spool of standard Single Mode Fiber (SMF) and amplification, the pump pulses are coupled into the laser cavity by a Wavelength Division Multiplexer (WDM) coupler. The output of the WDM is coupled to the silicon waveguide which provides the optical gain. The waveguide is approximately 2 cm long with measured 0.8 dB fiber-to-fiber insertion loss. At the waveguide output, 95% of the power is looped back to the input WDM coupler to form laser ring cavity. Two Polarization Controllers (PC) are inserted on the pump arm and in the cavity to adjust the relative polarizations of the pump and the laser. The total length of the cavity is ∼8 m and adjusted to obtain 40 ns delay (the same as the pump period) at 1675 nm. The total cavity loss at 1675 nm is measured to be around 3.7 dB by using a CW signal at that wavelength. The 5% of the waveguide output is used to monitor the output. First, the laser output at 1675 nm is separated from the pump and the anti-Stokes. Then, another WDM coupler is used to extract the anti-Stokes wave. The temporal characteristics of the laser are measured by a 40 GHz oscilloscope and also with an autocorrelator. An Optical Spectrum Analyzer (OSA) is used to measure the spectrum. The measured laser output power variation with respect to average pump power is illustrated in Figure 2 . The average pump power is varied from 0 to 15 mW to characterize the lasing behavior and to determine the lasing threshold. As shown in Figure 2 , lasing, characterized by a sudden increase in emission at the Stokes wavelength of 1675 nm, is obtained when the average pump power level reaches to ∼7 mW, which correspond to the peak power level of 9 W. The threshold should occur when the waveguide gain compensates for the cavity loss and it is consistent with the measured cavity loss of 3.7 dB and the measured Raman gain of ∼3.9 dB at 9 W pump power. After exceeding the threshold level the output increases almost linearly with the pump power. It can readily be shown that lasing is caused by the Raman effect in silicon and not by the fibers, due to 10 4 times higher Raman gain coefficient in silicon [20] . At threshold, Raman gain in the 8 meter of fiber is < 0.2 dB and is negligible compared to the measured open loop gain of 3.9 dB in silicon. Also, the spectral position of the laser output matches the Stokes wavelength of silicon but does not match the Raman gain peak in the fiber.
Experimental results

The silicon Raman laser
Coherent anti-Stokes emission
In stimulated Raman scattering, Stokes and anti-Stokes fields are simultaneously generated with the Stokes field experiencing amplification and exponential growth along the waveguide length. However, the extent to which the anti-Stokes is emitted depends on the phase mismatch between the pump (k P ), Stokes (k S ) and anti-Stokes (k A ) fields, described by the relation: ∆k = 2k p − k S − k A . As ∆k tends to be zero, the three fields experience strong parametric coupling leading to the exchange of information between the Stokes and anti-Stokes channels [21] . In this regime, the Raman nonlinearities can be used to perform wavelength conversion across widely spaced channels. This process has been used to demonstrate data conversion between the 1500 nm and 1300 nm bands [21, 22] . In Silicon this process is more efficient than four wave mixing based on the electronic susceptibility because the Raman susceptibility (χ
is ∼44 times larger than the electronic counterpart (χ
However, the Raman process being resonant has a characteristic Lorenztian gain profile (bandwidth ∼105 GHz in Silicon) which determines the response of the conversion process to wavelength detuning from the peak. Figure 3 illustrates the variation in the measure anti-Stokes power with respect to the average pump power. When the pump power reaches the lasing threshold level of 7 mW, anti-Stokes wavelength is observed. The cavity is designed for lasing at 1675 nm, and additionally, the circulation of anti-Stokes is blocked by the WDM coupler. Therefore, the system is not lasing at the anti-Stokes wavelength, but rather, the signal is due to parametric coupling between the lasing (Stokes) pump an anti-Stokes waves. This explains the much lower power levels at the anti-Stokes wavelength compared to the Stokes wavelength. Figure 4 presents the measured laser spectrum (4a) and that of the antiStokes signal (4b). The spectral peak of the silicon Raman laser is at the Stokes wavelength of 1675 nm, which is precisely the expected location based on the optical phonon frequency in silicon (15.6 THz) [11, 24, 25] . The 3 dB bandwidth of the laser is measured to be 0.36 nm (∼38.5 GHz). The antiStokes laser, on the other hand, is centered at 1427 nm which is 15.6 THz up shifted from the pump wavelength. The frequency difference between the laser and the anti-Stokes is measured to be 31.2 THz, precisely twice the optical phonon frequency in silicon. Fig. 4 . Measured laser and pump spectra. The laser spectrum has 0.36 nm spectral bandwidth and is located 15.6 THz away from the pump laser. The pump-output separation is precisely the optical phonon frequency in silicon.
Summary
In this paper, we have reported the demonstration of a silicon Raman laser simultaneously producing coherent radiation at the Stokes and anti-Stokes wavelength. The signal at the Stokes wavelength is due to the lasing at that wavelength whereas the anti-Stokes radiation is due to the parametric Raman coupling between the two signals and the pump. This suggests the possibility of silicon Raman laser with dual wavelength output. With a pump at around 1430 nm range, such a laser can simultaneously produce an output in both of the technologically important bands of 1300 nm and 1550 nm bands. Realization of this device requires a careful cavity design to accommodate both wavelengths. For better efficiency, waveguide should be engineered to obtain phase matching. In the present work, pulsed operation was necessary in order to avoid accumulation of free carriers that are generated due to TPA. Under CW operation, the free carrier losses would have reduced the net Raman gain and hence, would have prevented lasing. Carrier sweep out using a p-n junction can mitigate the free carrier losses and potentially yield CW operation [26] .
